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Screening pigments are essential for vision in animals. Vertebrates use 
melanins bound in melanosomes as screening pigments, whereas cephalopods 
are assumed to use ommochromes. Preserved eye melanosomes in the contro­
versial fossil Tullirrwnstrum (Mazon Creek, IL, USA) are partitioned by size 
and/ or shape into distinct layers. These layers resemble tissue-specific melano­
some populations considered unique to the vertebrate eye. Here, we show that 
extant cephalopod eyes also show tissue-specific size- and/ or shape-specific 
partitioning of melanosomes; these differ from vertebrate melanosomes in 
the relative abundance of trace metals and in the binding environment of 
copper. Chemical signatures of melanosomes in the eyes of Tullimonstrum 
more closely resemble those of modern cephalopods than those of vertebrates, 
suggesting that an invertebrate affinity for Tullimonstrum is plausible. Melano­
some chemistry may thus provide insights into the phylogenetic affinities of 
enigmatic fossils where melanosome size and/or shape are equivocal. 
fossil soft tissues, Konservat-Lagerstatten, 
melanosomes, trace metals 
1. Introduction 
Screening pigments are an essential component of visual systems in animals as 
they absorb errant light, thus allowing directional photoreception and the protec­
tion of photoreceptors from ultraviolet radiation [1]. Invertebrate screening 
pigments include ommochromes, pterines and, less frequently, melanin [2]. In con­
trast, the primary screening pigment in vertebrates is melanin, occurring as 
melanosomes (membrane-bound organelles) in the iris, choroid, retinal pigmented 
epithelium (RPE) [3] and sclera [4] (figure 1). RPE melanosomes include spherical 
and elongate forms that are partitioned spatially [5]. In bright incident light, 
elongate melanosomes migrate to the apical processes of RPE cells, thus protecting 
photosensitive pigments in photoreceptor cells from bleaching. Intriguingly, the 
eyes of the enigmatic taxon Tullirrwnstrum gregarium (Carboniferous, Mazon 
Creek, IL, USA) also exhibit successive layers of melanosomes of different geome­
tries. This feature was interpreted as evidence of a vertebrate affinity based on a 
review of melanosome distribution and morphology in extant animals [2]. 
Whether invertebrate eye melanosomes are organized into successive tissue 
layers as in vertebrates is, however, unknown. Resolving this requires systematic 
investigation of screening pigments in invertebrate eyes. Cephalopods are an 
ideal test case because they, like vertebrates, possess a complex camera-style eye 
with multiple pigmented tissue layers [6] and are known to produce melanosomes 
(in the ink sac [7,8]). We systematically characterized the anatomical location and 
chemistry of pigmented tissues, and the geometry of pigment granules, in the eyes 
of the common octopus (Octopus vulgaris), European squid (Loligo vulgaris), 
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Figure 1. Anatomy of extant cephalopod and vertebrate eyes. Schematic illustrations of (a) cephalopod eye and (b) vertebrate eye with, inset, detail of tissue layers. 
(c) Histological sections and scanning electron micrographs (SEM) of eyes in Loligo, Octopus, Sepia and Petromyzon. Sections are stained with Warthin-Starry; melanin 
appears black. All tissues show melanosome-like microbodies. C, choroid; I/black arrows, iris; L, lens; 0, optic nerve; OG, optic nerve ganglia; R, retina; RPE/*, retinal 
pigment epithelium; RPL/arrowheads, retinal pigmented layer; S/white arrow, sclera; SCL, subciliary layer; V, vitreous humour. (Online version in colour.) 
common cuttlefish (Sepia officianalis), sea lamprey (Petromyzon 
marinus) and European bass (Dicentrachus labrax), coupled 
with data from fossils (electronic supplementary material, 
table S1). Tissues were analysed using Warthin-Starry 
histological staining, alkaline hydrogen peroxide oxidation 
(AHPO [9,101) and scanning electron microscopy (SEM). In 
the eyes of extant vertebrates, melanin reduces oxidative 
stress by chelating metal ions [11] and recent work shows 
that vertebrate melanosomes have tissue-specific trace 
element chemistries [12]. We therefore tested whether trace 
element chemistry can discriminate vertebrate and cephalopod 
eye melanosomes using synchrotron rapid scanning-X-ray fluor­
escence (SRS-XRF) and X-ray absorption near edge structure 
(XANES) spectroscopy. 
2. Material and methods 
(a) Modern and fossil specimens 
Specimens of Octopus, Sepia, Loligo, Petromyzon and Dicentra­
chus (each n = 5) were obtained from commercial suppliers 
(Ballycotton Seafoods and K O'Connell Fish Merchants 
(English Market in Cork, Republic of Ireland) and Online 
Baits UK). The lampreys were supplied frozen and dissected 
immediately after defrosting; the cephalopods and European 
bass were deceased at the time of purchase and were 
dissected within 24 h after death. Eyes were fixed in 
2.5% glutaraldehyde for 1 h at room temperature, 
dehydrated in ethanol and stored in 70% ethanol prior to 
further analysis. 
This study includes analysis of the eyespots of the following 
eight fossils: from Mazon Creek, two specimens of Tullimon­
strum (CKGM F 6426 and FMNH PE 22061), one specimen 
each of the vertebrates Mayomyzon peickoensis (FMNH PF 
5688) and Gilpichthys greenei (FMNH PF 8474) and the sole 
specimen of the fossil cephalopod Pohlsepia mazonensis 
(FMNH PE 51727); from Green River (Eocene, Colorado/ 
Utah/Wyoming), one specimen of Knightia sp. (FOBU 17591) 
and from the Fur Formation (Eocene, Denmark) an undeter­
mined Teterodontiformes (NHMD 199838); from the Hakel 
and Hadjoula Lagerstatte (Late Cretaceous, Lebanon), the 
fossil octopus Keuppia sp. (NHMUK PICC651A). Institutional 
abbreviations: NHMUK, Natural History Museum London; 
NHMD, Natural History Museum of Denmark; FMNH, Field 
Museum of Natural History; CKGM, Cork Geological 
Museum; FOBU, Fossil Butte National Monument. 
(b) Alkaline hydroxide peroxide oxidation and 
hydroiodic acid hydrolysis 
Tissues were dissected using sterile tools, placed in glass vials, 
freeze-dried and powdered. The vertebrate choroid and RPE 
could not be separated and thus were treated as a single tissue 
in this analysis. Freeze-dried tissue samples (9-17 mg) were 
homogenized in water with a Ten-Broeck homogenizer at a con­
centration of 10 mg m1-1 and 100 µI or 200 µI aliquots processed 
using AHPO [9) and hydroiodic acid hydrolysis [10). AHPO after 
HCl hydrolysis tests for the presence of pyrrole-2,3,5-tricarboxylic 
acid (a marker for eumelanin [91); hydroiodic acid analysis tests 
for the presence of 4-amino-3-hydroxylphenylalanine (a marker 
for phaeomelanin [101). 
(c) Histology 
Dissected samples of tissues from cephalopod eyes and choroid, 
iris, RPE and sclera from vertebrate eyes were fixed using 2.5% 
glutaraldehyde for 1 h at room temperature. Fixed tissue samples 
were processed for histology and stained using the Warthin­
Starry protocol, which tests for the presence of melanin [13]. 
(d) Scanning electron microscopy 
Small samples (approx. 1-2 mm2) of eye tissue were dried using 
hexamethyldisilazane or liquid nitrogen. Dried tissue samples 
and uncoverslipped thin sections were mounted on aluminium 
stubs, sputter-coated with gold/palladium and imaged at an 
accelerating voltage of 5-15 keV using an FEI Quanta 650 SEM 
and a Zeiss Gemini Supra 40 SEM. Energy dispersive X-ray spec­
troscopy (EDS) analyses were conducted using a Hitachi S-3500N 
VP-SEM equipped with an EDAX Genesis energy dispersive 
spectrometer at an accelerating voltage of 15 kV with acquisition 
times of 120 s for EDS maps (electronic supplementary material, 
figure SI). 
(e) Analysis of melanosome geometry and size 
Geometry data were measured for at least 20 melanosomes (and, 
where applicable, melanosome-like microbodies) for each tissue 
in each specimen. Differences in geometry were tested using 
ANOVA or (where data are heteroscedastic) Welch's f-test 
coupled with pairwise post hoe analysis in PAST (Tukey for 
ANOVA and Dunn for Welch's f-test analyses, respectively) 
[14). Melanosome geometry data for S. officianalis are 
homoscedastic but non-normal and were thus analysed 
post-log-transformation. 
(f) Synchrotron rapid-scanning X-ray fluorescence 
Measurements were performed at beamlines 2-3 and 10-2 at the 
Stanford Synchrotron Radiation Lightsource (SSRL). The incident 
X-ray energy was set to 11 keV using a Si (111) double crystal 
monochromator with the storage ring containing 500 mA in top­
off mode at 3.0 GeV. At beamline 2-3, a microfocused beam of 
2 x 2 µm was provided by an Rh-coated Kirkpatrick-Baez 
mirror pair, whereas beamline 10-2 used tungsten apertures to 
achieve selectable beam sizes between 25 and 200 µm. The inci­
dent X-ray intensity at each beamline was measured with a 
nitrogen-filled ion chamber. Samples were mounted at 45° 
to the incident X-ray beam and were spatially rastered for 
20-50 ms pixel-1 dwell time. The following were mapped at 
beamline 2-3: uncoverslipped and unstained thin sections of 
eyes from one individual of Dicentrachus and Octopus and from 
two individuals of Loligo and Petromyzon; the eyespots of one 
specimen of Tullimonstrum (CKGM F 6426), Knightia sp. and the 
Teterodontiformes indet. The following were mapped at beamline 
10-2: the second specimen of Tullimonstrum (FMNH PE 22061), 
Mayomyzon, Gilpichthys, Pohlsepia and samples of soft tissues 
from Keuppia sp. The two different beamlines were used to accom­
modate samples/ specimens of different sizes (specimens too large 
for the sample stage at beamline 2-3 were accommodated at 10-2). 
The fossil data from each beamline were calibrated against the 
same set of standards and thus, variations in the data are real 
and do not reflect variations in analytical parameters. The entire 
fluorescence spectrum was collected at each data point and the 
intensity of fluorescence lines for selected elements (P, S, Cl, K, 
Ca, Ti, Mn, Fe, Ni, Cu and Zn) monitored using a silicon drift 
Vortex detector (Hitachi, USA) coupled to an Xpsress3 pulse pro­
cessing system (Quantum Detectors) for energy discrimination. 
Fluorescence intensities were corrected for detector deadtime 
and normalized against incoming flux (IOSTRM). The concen­
trations of each element in µg cm-2 were calibrated using 
NIST traceable thin film elemental standards. Data processing 
was performed using the MICROANALYSIS TooLKIT software [15]. 
The mean and standard deviation values were calculated for 
the concentrations of each element in selected regions of inter­
est. Differences in elemental concentrations between regions of 
interest were assessed using linear discriminant analysis (LDA) 
in PAST [14]. Data were grouped using a single classification 
level corresponding to the tissue of origin, e.g. Octopus retinal 
pigmented layer (RPL), Petromyzon iris, Petromyzon sclera, 
FMNH PE 22061 eyespot, etc. Principal component analysis of 
the data produces a distribution of the data that is near-identical 
to LDA (electronic supplementary material, figure S4a,b). 
(g) X-ray absorption near edge structure spectroscopy 
XANES spectra were collected at beamline 2-3 at the SSRL from 
points of interest identified in the XRF maps. This was achieved 
by driving the incident beam energy through the Cu K edge in 
a stepwise fashion and recording the emitted intensity of the Ka 
line as a function of incident energy [16]. Calibration of the mono­
chromator energy was achieved using a Cu foil. XANES spectra 
were obtained from the RPL and sclera of Loligo, the choroid of 
Petromyzon and from eyespots in the specimen of Tetradonti­
formes indet., Knightia and Tullimonstrum (CKGM F 6426). 
Spectra were processed using the software package AIHENA [17). 
3. Results 
(a) Melanin and melanosomes in extant cephalopod 
and vertebrate eyes 
Unexpectedly, several distinct tissue layers in the eyes of all 
cephalopods studied show black, melanin-specific [13] staining 
(figure 1). These data are supported by AHPO analyses, which 
confirm that the stained tissues of Loligo, Octopus and Sepia are 
rich in eumelanin and, to a lesser extent, phaeomelanin (elec­
tronic supplementary material, table S2). SEM analysis of the 
melanin-rich tissues confirms the presence of spheroid/ 
oblong microbodies (see also [18]; figure 1). It is highly unlikely 
that the rnicrobodies represent decay bacteria as the former 
occur within the intact eyes of freshly killed specimens with 
no evidence of tissue damage, show consistent size-specific 
layering among specimens of the same taxon and are stable 
under the electron beam. Further, the rnicrobodies are unlikely 
to represent omrnochrome granules as the former occur in 
tissue layers that stain positively for melanin in histological sec­
tion and contain diagnostic markers for eumelanin in AHPO 
analyses. No other rnicrobodies are present that could generate 
these results. The rnicrobodies in the tissue layers staining black 
in histological sections of the cephalopod eyes are thus most 
plausibly interpreted as melanosomes. 
In extant cephalopods, melanosomes occur in the iris and 
in additional tissue layers located at the back of the eye 
(defined here as the RPL) and behind the iris (defined here 
as the subciliary layer (SCL); figure la,c). All cephalopods 
studied possess an SCL but histological-quality samples of 
this tissue could be obtained only for Octopus. Melanosomes 
differ significantly in geometry between the iris and RPL in 
both Loligo (F1,90 = 7.275, p = 8.35-3) and Sepia (F1,48 = 10.94, 
p = 1.79-3) (figure 2a,c). Differences in the geometry of eye melanosomes of Octopus and Petromyzon are statistically sig­
nificant for some, but not all, melanosome populations 
(figure 2b,d; electronic supplementary material, table S4). In 
addition to melanosomes, the cephalopod retina contains 
abundant subangular, irregularly shaped granules (figure le). This geometry is inconsistent with that of known melano­
somes in vertebrates and cephalopods; the granules may 
thus represent ommatins or other photosensitive pigments, 
but their identity has yet to be demonstrated chemically. Var­
ious tissues in the eye of the lamprey and bass stain for eu­
and phaeomelanin (figure lb,c); AHPO analysis confirms the presence of melanin in these tissues and demonstrates 
marked variation in eumelanin concentrations between the 
eyes of the two vertebrates (electronic supplementary 
material, table S2). 
In summary, our data reveal that melanosomes in different 
tissues of the eye have significantly different geometries 
in both extant cephalopods and vertebrates (electronic 
supplementary material, tables S3 and S4; figure 2). 
(b) Chemistry of eye melanosomes 
We used SRS-XRF and XANES to test whether trace metal 
chemistry can distinguish vertebrate from cephalopod eye 
melanosomes. In the eyes of the extant squid and octopus, 
only Cu shows striking spatial partitioning (figure 3a,b): it is enriched in the sclera but not in the melanin-rich RPL (or 
other tissues). Zn shows subtle partitioning in both cephalo­
pod taxa analysed: it is slightly enriched in the RPL of the 
octopus and, to a lesser extent, the sclera of the squid. In 
the vertebrates, however, melanosome-bearing tissues show 
striking partitioning of Zn (and, in the lamprey, Fe and Cu) 
(figure 3c,d). In the lamprey, Fe is enriched in the iris; Zn is 
enriched in the iris and, especially, the choroid and RPE, 
and Cu is enriched in all melanosome-bearing tissues. In 
the bass, Zn is enriched in all melanosome-bearing tissues. 
In XRF maps of eyes of extant vertebrates, the choroid and 
RPE cannot be discriminated using trace element chemistry 
or ultrastructure, necessitating their treatment as a single 
tissue. We do not consider this to affect our main results as 
our data from cephalopods and other vertebrate eye tissues 
show that intra-specific chemical variation is minor relative 
to interspecific variation (figure 4a,b). Melanosome-rich tissues in the eyes of extant vertebrates, but not cephalopods, 
are thus enriched in Zn (and sometimes Fe and Cu) relative to 
other ocular tissues. 
To test whether this signal persists in fossils, we 
analysed eyespots in two fossil cephalopods and four 
fossil vertebrates. Except for the Mazon Creek cephalopod 
Pohlsepia, eyespots in all specimens contain melanosome­
like microbodies (electronic supplementary material, 
figure S3). SRS-XRF maps show that eyespots in the 
fossil vertebrates Knightia and Tetradontiformes indet. 
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Figure 2. Geometry of eye melanosomes. (a) Loligo, (b) Octopus, (c) Sepia 
and (d) Petromyzon. 
sedimentary matrix, with minor enrichment of Zn in the 
latter. By contrast, the eyespot of Keuppia is relatively 
enriched in Ti, Fe and Zn only (figure 3g). The eyespot 
of Tullimonstrum is enriched in Ti, Fe, Cu and Zn relative 
to the surrounding soft tissues (figure 3h). These chemical 
data are not fully consistent with the signal in the studied 
fossil cephalopods or fossil vertebrates. 
We used LDA to explore variation in concentrations of the 
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Figure 3. SRS-XRF analysis of histological sections of Loligo (a), Octopus (b), Petromyzon (c) and Dicentrachus (d), and of fossil vertebrates (Teleostei) Tetradonti­
formes indet. (e) and Knightia ( f), fossil cephalopod Keuppia (g) and Tullimonstrum (CKGM F 6426) (h). Histological sections are stained with Warthin-Starry; 
melanin appears black. SRS-XRF maps in (a-h) are of regions shown in histological sections and photographs. See the electronic supplementary material, 
figure 52 for locations of regions in photographs of histological sections and for locations of regions in photographs of fossils shown. Black arrows, iris; arrowheads, 
RPL; asterisk, RPE; white arrows, sclera. Maximum concentration values for each SRS-XRF map are provided in the electronic supplementary material, table 55. 
(Online version in colour.) 
extant vertebrates and cephalopods plot in separate regions 
of chemospace and separately to their fossil counterparts 
(figure 4a,b). Critically, the trace element chemistry of eye­
spots in unequivocal vertebrates from the Mazon Creek is 
distinct from both specimens of Tullimonstrum, which plot 
close together. The separation of unequivocal Mazon Creek 
vertebrates from Tullimonstrum along the LD2 axis reflects 
the enrichment of the former in Zn and, to a lesser extent, 
Cu and Fe: intriguingly, this mirrors the variation in 
chemistry between extant vertebrates and cephalopods. The 
eyespots of Tullimonstrum are, however, chemically distinct 
from those of Pohlsepia, an unequivocal cephalopod from 
the Mazon Creek. 
We explored variation in the oxidation state of Cu, a metal 
commonly associated with melanin [11), in selected fossil and 
modern taxa using XANES. XANES spectra at the Cu K edge 
taken from the choroid of the lamprey and from two fossil 
vertebrate eye spots all show absorption peaks centred at 
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Figure 4. Trace element chemistry of extant and fossil cephalopods and vertebrates and Tullimonstrum. (a) LDA based on measured concentrations of Ti, Fe, Cu and 
Zn. (b) Biplot of key elements contributing to variation in (a). (c) XANES spectra of selected specimens and standards at the Cu K edge (dashed line at 8987 eV). The 
greater variation in chemistry between Tullimonstrum and other Mazon Creek fossils present in (a) relative to the variation between other fossil biotas is present even 
when Fe is removed from the dataset (electronic supplementary material, figure S4c,d). Arrowheads in (c) indicate the position of pre-edge features in these spectra. 
Data for fossil squid ink sac are from [16]. 
8994 ± 1 eV, indicating strong contributions from Cu(II) [19] 
(figure 4c). Spectra from the squid RPL (melanized) and 
sclera (non-melanized) broadly resemble those of the 
vertebrates, but show pre-edge features at 8978.59 eV and 
8977.58 eV, respectively, the positions of which reveal the 
presence of Cu(I) [19]. A pre-edge feature spanning 
8976.73-8984.27 eV appears in the spectrum from Keuppia, 
also reflecting a Cu(I) contribution. The presence of Cu(I) in 
XANES spectra of extant and fossil cephalopod eyespots 
could reflect reduction of Cu(II) during analysis. The ver­
tebrate samples, however, show no contribution from Cu(I) 
despite being analysed under identical experimental con­
ditions (spectra for some vertebrate samples (e.g. Knightia) 
show very weak pre-edge features, but these are less readily 
interpreted as unequivocal evidence for Cu(I)) .  Alternatively, 
Cu(I) contributions in cephalopod eye tissues could derive 
from deoxygenated haemocyanin, the cephalopod respiratory 
molecule [20] . The XANES spectrum from Tullimonstrum 
demonstrates a dominant peak at 8994.38 eV and a promi­
nent pre-edge feature at 8987.8-8990.2 eV. These features 
are consistent with contributions from multiple Cu oxidation 
states, including a distinct Cu(I) contribution [19], as with the 
extant and fossil cephalopods. 
4. Discussion 
Our study reveals that the eyes of extant cephalopods possess 
melanosomes with tissue-specific geometries. The collapse of 
the cephalopod eye during decay could potentially generate 
size-specific layers of melanosomes superficially similar to 
those in the vertebrate RPE (figure la,b). The presence of mel­
anosomes with tissue-specific sizes and/ or geometries in the 
eyes of extant cephalopods (figure 2a,c) therefore indicates 
that successive layers of melanosomes of different sizes 
and/ or geometries in fossils cannot be automatically inter­
preted as evidence for the vertebrate RPE. The extent to 
which other fossil invertebrate groups preserve eye melano­
somes is unknown (but see Lindgren et al. [21) for chemical 
evidence for melanin in the eyes of fossil insects). 
Melanin in the eyes of extant vertebrates can bind various 
elements, the relative abundance of which can vary with 
biological and environmental factors [22). In vertebrates, 
melanin can sequester metal ions, potentially preventing 
oxidative tissue damage [11). Compared to vertebrates, 
cephalopod eyes show low concentrations of metals in mela­
nized tissues (figure 3a,b). This probably reflects the relatively 
low abundance of melanin (electronic supplementary 
material, table S2) and suggests that non-melanin pathways 
are responsible for preventing tissue damage from metal 
ion exposure in cephalopods, i.e. the function of melanin in 
cephalopod eyes differs to that in vertebrates. The variation 
in melanin content in extant vertebrate eyes (electronic sup­
plementary material, table S2) could potentially reflect 
variations in ecology and/ or light habitat. 
Our chemical data on extant vertebrates and cephalopods 
show that inter-clade variation is markedly greater than that 
within either group (figure 3a-d). The melanized tissues in 
the eyes of extant vertebrates are enriched in Zn (figure 4a,b) 
and show a strong Cu(II) signal in XANES spectra (figure 4c); 
in contrast, melanized tissues in extant cephalopods are 
low in Zn and show a mixed contribution from Cu(I) 
and Cu(II). Similarly, eye melanosomes in Tullimonstrum 
are low in Zn relative to those in Mazon Creek vertebrates 
and XANES spectra indicate the presence of Cu(I). The eye 
spots in Pohlsepia, however, do not plot with Tullimonstrum 
or with the Mazon Creek vertebrates in LOA chemospace. 
The chemistry of the unequivocal vertebrates and cephalo­
pods in the Mazon Creek thus does not fit the general 
pattern of element enrichment in modem cephalopods 
and vertebrates. Collectively, the data on melanosome 
morphology and chemistry are not fully consistent with 
a vertebrate affinity for Tullimonstrum. An invertebrate 
affinity [23-25) cannot be excluded, but a cephalopod affi­
nity is implausible, given the absence of other diagnostic 
morphological characters [26). 
The chemical structure of melanin is known to be altered 
by changes in pH [11) and exposure to elevated metal 
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which are commonly experienced during diagenesis. It is 
therefore likely that melanosomes in different fossil taxa 
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netic pathways, thus resulting in disparate trace element 
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